The morphology of blends of two types of hydrogen-bonding systems was studied with a view to understanding the effect of blending on the extent of hydrogen bonding and changes in the morphology. One of them is the long-chain carbamate with a C 18 alkyl side chain, and the other is stearic acid, which also has a C 17 alkyl chain. At low concentrations, the C 18 carbamate reduces the size of the crystals of stearic acid. However, the stearic acid has no effect on the morphology of the carbamate. The morphological changes are due to the disruptive packing of the alkyl chains, rather than a change in the extent of hydrogen bonding. The blends of homologous carbamates studied before [Moniruzzaman, Goodbrand, Sundararajan, J. Phys. Chem. Part B 107, 8416 (2003)] are more effective in mutually controlling the spherulite size and imparting transparency than the carbamate/stearic acid blend. The presence of the carbamate as the minor component changes the ratio of the intensities of the X-ray reflections at 2θ = 21.6 and 2.21°. It is found that in the blends with the carbamates quenched from the melt, the stearic acid exhibits a polymorphic transition from the E to the C form in the differential scanning calorimetry (DSC) analysis.
INTRODUCTION
Carbamates are the analog of a hard segment of polyurethanes. They have proven useful in understanding some catalytic processes and the kinetics of the reactions accompanying the polyurethane synthesis process [1, 2] . The association process in carbamates is similar to the biological self-assembly (e.g., protein molecules) involving hydrogen bonding. Because of the presence of the polar urethane group (-NH-CO-O-), they can be considered as model compounds for high-molecular-weight polyurethanes having the structural formula (-NH-CO-O-R 1 -O-CO-NH-R 2 -) n .
In a previous study [3] , we synthesized some carbamates with alkyl side chains of different lengths from C 4 to C 18 and investigated their morphology and thermal behavior. We found that the length of the alkyl side chain of the carbamates has an influence on the morphology, heat of fusion, crystallinity, and crystallite size. Most of the long-chain carbamates exhibit spherulitic morphology, with the size of the spherulites increasing with the length of the alkyl side chain. Progressive fibrillation is seen as the length of the alkyl side chain increases. Most of the carbamates exhibit negative birefringence, indicating the tangential orientation of the molecule within the spherulite. While the melting point increases linearly, the heat of fusion and crystallinity shows a sigmoidal trend.
The melt viscosity of these carbamates is of the order of a few centipoises, and they crystallize rapidly. Because of the long alkyl chain, these carbamates are semicrystalline. Due to these properties, they have potential applications as vehicles in reprography and inkjet printing technologies [4] [5] [6] [7] . In such applications, the crystalline morphology of the vehicle is an important attribute. If it forms large spherulites during solidification from the melt, it will lead to hazy and brittle prints, whereas small crystallites will impart transparency.
While plasticizers or clarifiers are usually used to modify the crystalline morphology of materials, we examined the possibility of effecting similar changes by blending any two types of carbamates [3] . The difference between the use of the clarifiers and the blends in our previous study is that the latter involves a homologous series of molecules, and both components are capable of hydrogen bonding. It was found that although both the heat of fusion and crystallinity decrease initially with the addition of the second component, they recover beyond a certain composition. The spherulite size also decreases significantly, enhancing the transparency of the sample. An interesting conclusion was that the extent of hydrogen bonding was not affected by blending, and that the changes in morphology were due mainly to the packing of the alkyl chains.
In this paper, we discuss the changes in the morphology of blends of a carbamate with another hydrogen-bonded system. A comparison between these and the blends in our previous study could provide a molecular basis of the relative efficiency of the blends in controlling the morphology.
The carbamate used for this study was N-octadecylcarbamate octadecyl ester having the molecular formula C 18 H 37 (NHCOO) C 18 H 37 . This carbamate was blended with stearic acid (C 17 H 35 COOH). Henceforth, this carbamate and the stearic acid will be referred to as C 18 and SA, respectively. These are shown in Scheme 1.
With the carbamates, the hydrogen-bondable group is symmetrically positioned between the alkyl chain C 18 on either side. On the other hand, it forms the head group in SA.
There are four known polymorphic forms of stearic acid: A, B, C, and E. The A, B, and E forms occur only by solution crystallization, whereas the C form is formed by both solution and melt crystallization [8] . The A form is rare and unstable, whereas the B form is stable at room temperature [9] . The C polymorph is considered to be the most stable because both A and B undergo solid-state phase transition to C upon heating [10] . The E form is metastable and transforms to the B and C forms through solid-state phase transition under certain conditions [11, 12] .
There are some structural similarities between the carbamate C 18 and the stearic acid. Both of these compounds contain a long alkyl chain and carbonyl group. The intermolecular H-bond exists in both. The single crystal structure of the carbamate C 18 is not available. However, some similarities could be derived from the powder X-ray data and the molecular modeling of C 18 . X-ray diffraction shows that the long spacing for stearic acid C form is 39.5 Å [13] ; in C 18 the long spacing is 38.1 Å. The length of the c axis of the unit cell of stearic acid C form is 46.6 Å, which is equal to the length of two molecules. Molecular modeling shows that the length of one molecule of C 18 is 47.99 Å and the X-ray diffractogram of C 18 shows a medium intensity peak at d = 46.4 Å. Because of the similarities in alkyl moiety and the long spacing of these two H-bonded systems, we studied the morphology of the blends of these, to examine if the crystalline morphology and the extent of hydrogen bonding are affected. When used in the printing process, naturally the melt will be quenched upon transfer to the substrate. Hence, the differences in morphology behavior between samples slowly cooled and quenched from the melt were also investigated in this study. 
EXPERIMENTAL
The synthesis and purification procedure of the carbamate was described before [3] . Stearic acid of 98+ % purity was purchased from Aldrich.
Preparation of blends
Binary blends of SA and C 18 were prepared by melt mixing, with 90/10, 80/20, 70/30, 60/40, 50/50, 30/70, and 10/90 (wt%) compositions. Preweighed mixtures of SA and C 18 were heated in a 10-ml beaker at 110 °C with continuous stirring. After 1 h, the melt was slowly cooled to room temperature.
Methods for structure and morphology
Thermal analysis was performed using a DuPont 910 differential scanning calorimeter (DSC) at a heating rate of 10 °C/min. The instrument was calibrated for temperature and energy with indium and tin reference samples. DSC traces were recorded with about 7-10 mg of sample, in a nitrogen atmosphere.
X-ray diffraction data were collected within the range of 2°≤ 2θ ≤ 50°using a Philips automated powder diffractometer (model PW 1710) and nickel-filtered Cu K α radiation (λ = 1.542 Å). The possible presence of texture was checked by taking additional diffractograms with samples turned in the plane of measurement by 90°. The MDI Datascan 3.2 software (Materials Data Inc., Livermore, CA) was used for data collection. The results were analyzed using MDI Jade 5.0 XRD pattern processing software.
The optical micrographs were recorded using a Zeiss Axioplan polarized optical microscope (OM), equipped with a Linkam hot stage. Northern Eclipse (version 6.0) image processing software was used to capture the images, as well as to calculate the spherulite/crystal size. The samples for the optical microscopy were prepared by melting a small amount of the material on the microscope slide at a temperature 20 °C higher than its melting point, holding it isothermally for 10 min to remove any morphological history and then cooling it down slowly to room temperature at the rate of 10 °C/min. Another set of samples was prepared following the same procedure, but in this case, the samples were quenched from the melt, instead of slow cooling.
FTIR spectroscopic measurements were carried out at ambient conditions using a Michelson M129 BOMEM Fourier transform infrared (FTIR) spectrometer. The data were collected using BOMEM GRAMS/386 software for latter evaluation. The sample (5 mg) was sandwiched between two NaCl disks, melted at 110 °C, and then either slow-cooled or quenched. A background FTIR spectrum was taken for each experiment with the identical sample holder. Figure 1 shows the optical micrographs of C 18 and SA. The slow-cooled and the quenched samples of C 18 show fibrillar spherulites (Figs. 1a and 1b) . The average radii of the spherulites of the slow-cooled and quenched samples of C 18 are 1170 and 220 µm, respectively. The slow-cooled and quenched samples of stearic acid show very large crystals (Figs. 1c and 1d) , which can be easily seen with the naked eye. Compared to C 18 , the SA sample was more opaque when it was cooled from the melt on the microscope slide.
RESULTS AND DISCUSSION

Optical microscopy
The optical micrographs for the slow-cooled and quenched blends show similar trends in morphology except for the fact that the spherulite/crystal size of the slow-cooled samples is much larger than that of quenched samples. The micrographs of the quenched blends (Fig. 2) , show that an addition of 10 to 50 % SA to C 18 causes phase separation, disrupted spherulites of C 18 and the crystals of stearic acid are clearly visible under the optical microscope. There was no improvement in the transparency of the samples compared to that of pure C 18 . When the carbamate is the minor component in the blend, there is a significant reduction of the crystal size as compared to that of pure SA (compare Figs. 1d and 2f). Compared to pure stearic acid, these blends provide better transparency. Thus, it would seem that the carbamate is effective in improving the morphology (e.g., the transparency) of the stearic acid rather than vice versa.
A comparison of the morphology and transparency of these blends with those prepared with the homologous carbamates [3] shows that the latter is more effective in reducing the spherulite size and enhancing the transparency. At some compositions, the spherulite size was reduced to a few microns. 
Thermal analysis
The melting points obtained from DSC for the slow-cooled and quenched samples of SA and C 18 as well as of their blends are shown in Table 1 . The melting points of the slow-cooled and quenched samples did not differ significantly. Although the melting point of C 18 is higher than that of SA by about 17°, the 90/10, 80/20, 70/30, and 60/40 compositions of SA/C 18 exhibit single peak in DSC for both the slow-cooled and quenched blends. The 50/50 composition shows a single peak with a shoulder, whereas the 30/70 and 10/90 compositions show two peaks. The melting points of these blends show trends similar to that discussed previously [3] for the blends of C 12 and C 16 carbamates (here, the subscripts denote the number of carbons in the alkyl side chain of the carbamates). The melting points of 90/10, 80/20, 70/30, and 60/40 blends are lower than those of either of the parent compounds. In the DSC thermograms of 30/70 and 10/90 composition of SA/C 18 , which exhibit two melting peaks, the first melting point is lower than that of pure SA and the second one is lower than that of pure C 18 . As the fraction of SA decreases in the blend, the temperature corresponding to the second melting point increases, whereas that of the first melting point decreases. In our previous study [3] , we observed this type of melting behavior with several series of blend compositions and concluded that such a behavior is due to the components of the blends exerting a mutual plasticizer effect, thereby reducing the melting temperatures. An interesting difference between the DSC thermograms of the slow-cooled and quenched blends of SA/C 18 is the appearance of a hump in the latter. Figure 3 shows the DSC thermograms of the slowcooled and quenched samples of the 80/20 blend of SA/C 18 . All the quenched blends, except with the 10/90 and 90/10 compositions, show a hump in DSC thermograms at about 61°C. Its exact position for different blend compositions is given in Table 1 . This is an indication of a solid-solid transition between polymorphic forms [14] . Interestingly, the thermogram of the quenched sample of stearic acid does not show any hump, which indicates the possibility that the quenched stearic acid is not in the same polymorphic form as in the quenched blends, i.e., the carbamate is inducing a polymorphic transition in the quenched samples. To determine the effect of the heating rate on the position of the hump, the 80/20 blend was run at the heating rate of 2.5 °C/min. It did not affect the position of the hump significantly (a small change from 61.8 to 61.3 °C), whereas the melting peak shifted from 67.4 to 65.3 °C. The identity of the polymorphic form in the quenched blends will be discussed below in the X-ray and infrared analysis sections. in the crystallinity and morphology. The SA, as a minor component, does not cause any change in the morphology of the carbamate. Owing to the hump in the DSC thermograms of the quenched blends, the heat of fusion could not be calculated reliably, and hence they are not shown in Fig. 4 .
X-ray diffraction
X-ray powder diffractograms of the slow-cooled samples of SA and C 18 are shown in Figs. 5a and 5b respectively. Comparison of the powder diffraction pattern of SA with the published X-ray pattern of different polymorphic forms of stearic acid [15] indicates that it is in the C form in both the slow-cooled and the quenched samples. From Fig. 5 , it is seen that some of the reflections from SA and C 18 occur at about the same 2θ, due to the similarity of the long spacing and the subcell structures mentioned in the Introduction.
The X-ray diffractograms of the blends do not show any new reflection as compared to those from SA and C 18 . However, some close reflections from SA and C 18 merge and show single peak in the blend. For example, the reflection at 2θ = 6.60°(d = 13.38 Å) from SA and the reflection at 2θ = 7.03°( d = 12.56 Å) from C 18 merges in the 50/50 blend and shows a reflection at 2θ = 6.57°(d = 13.45 Å). The diffractograms of the slow-cooled blends indicate that the stearic acid is still in C form in the blends.
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Morphology of blends of self-assembling long-chain carbamate and stearic acid 1359 The relative intensities of the reflections from the slow-cooled and quenched blends were found to be different. As mentioned earlier, the DSC thermograms of the quenched blends indicate the presence of a metastable polymorphic form of stearic acid. The d-spacings of the A form of stearic acid are significantly different from those of the C form [15] . The diffractograms indicate that the stearic acid is not in the A form in the quenched blends. This is also supported by the IR spectra, which will be discussed below. However, it cannot be decided unambiguously from the powder diffraction patterns whether stearic acid is in the B or E form in the quenched blends. This is due to the long spacings of the two forms being nearly equal that they could not be distinguished by X-ray diffraction. In addition, the presence of C 18 in the blends further complicates the situation, since some reflections from C 18 merge with those of SA in the blends. However, IR spectra can help us to identify this polymorph.
The diffractograms of the blends show some interesting features. Figure 5a shows the X-ray diffractogram of the slow-cooled blend, containing 30 % C 18 along with the diffractogram of pure SA. It is seen that the addition of 30 % C 18 to stearic acid causes a major change in the diffractogram. There is a significant increase in the intensity at 2θ = 21.6º (d = 4.1 Å) and a decrease in the intensity at 2θ = 2.21º (d = 40 Å). Figure 6 shows the intensity ratio of these two reflections for the slow-cooled and quenched blends as well as the pure components. It is seen that the intensity ratio changes significantly when C 18 is the minor component in the blend. For the slow-cooled samples, the maximum change is observed at 70/30 composition of SA/C 18 , whereas in the quenched sample, the maximum change is observed at 90/10 composition. Figure 5b shows that when SA is the minor component in the blend, there is no major change in the diffractogram as compared to that of pure C 18 , and that the diffractogram is just a combination of the diffractograms of SA and C 18 .
In the crystal structure of stearic acid, the d-spacings of 40.0 and 4.1 Å correspond to [001] and the [110] planes, respectively [11] . Further, in stearic acid, the intensity at d = 4.1 Å is very low compared to that of the 40 Å reflection, for both the slow-cooled and quenched samples. Reduction of intensity of the long spacing of stearic acid in the blends indicates that C 18 disturbs the crystal lattice of stearic acid to some extent. However, none of the pure polymorphs of stearic acid exhibit such a strong reflection at d = 4.1 Å, as is observed in case of the blends of this study. Frede et al. [16] observed a similar decrease in intensity at 40 Å and increase in intensity at 4.1 Å when they melt blended stearic acid with palmitic acid. However, they did not report the polymorphic transition observed in this study with the blends. Figure 7 shows the infrared spectra of pure SA and C 18 and that of the 50/50 blend. No new peak appears in the spectrum of the blends as compared to pure SA and C 18 . The carbonyl stretching frequency for SA and C 18 is 1702 and 1686 cm -1 , respectively. In the blends, only one -C=O stretching is seen at about 1698 cm -1 in both the slow-cooled and quenched samples. At first glance this indicates the possibility that an interaction between the components in the blends has affected the type of hydrogen bonding of the system. However, the C=O band of C 18 is so close to that of stearic acid that even a physical mixing would lead to an apparently single band due to superposition. To this end, we made a 50/50 physical mixture of SA and C 18 and recorded its IR spectrum with a KBr pellet. This spectrum was compared with the spectra of the slow-cooled and quenched blends of the 50/50 composition that were also taken with a KBr pellet. Only one -C=O absorption peak was observed in all the three samples, having similar stretching frequency. Thus, the single C=O stretching band in the blends might not necessarily indicate an interaction between the components in the blends. Further analysis of the spectra shows that there is no shift in the -NH stretching frequency of C 18 (at 3341 cm -1 ) in any of the blends. Even then, we cannot rule out the possibility of the presence of H-bonds between C 18 and the stearic acid in the blends because these H-bonds still involve a carbonyl group so that no significant shift should be expected. Since the unit cells in stearic acid are connected through intermolecular H-bonding between C=O and OH groups of stearic acid, any H-bond between C 18 and stearic acid in the blends should result in disruption of the crystal lattice of stearic acid to some extent. This is supported by the decrease in the intensity of the long spacing (d = 40 Å) of stearic acid in the blends. It should be mentioned that in our previous study [3] of the blend system of homologous carbamates, the extent of hydrogen bonding is unaffected, and yet those systems exhibit excellent transparency, low crystallinity, and low heat of fusion, which were attributed to the poor packing of the alkyl chains in the blends.
IR analysis
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Morphology of blends of self-assembling long-chain carbamate and stearic acid 1361 Finally, we tried to get some information from IR spectra regarding the polymorphic forms of stearic acid in the slow-cooled and quenched blends. Holland et al. [17] studied the infrared spectra of single crystals of the four forms of stearic acid. Their study revealed that in the spectrum of the C form, a band at 689 cm -1 can be attributed to the O-C=O bond angle deformation. For A and E forms, this band appears at 677 cm -1 and 686 cm -1 , respectively. In the B form, no band was found between 650 and 700 cm -1 , indicating that this vibration has considerably lower frequency. In our study, SA and its blends with C 18 show a band around 688 cm -1 in both slow-cooled and quenched samples. This observation rules out the possibility of A and B polymorphic forms in these blends. Although there are some differences in the single crystal IR spectra of C and E forms, the spectra of polycrystalline samples of the C and E forms are not very different [17] , and hence they are difficult to distinguish. X-ray diffraction, along with the IR spectrum of SA and of slow-cooled blends indicates that stearic acid is in the C form. This is reasonable on the basis of previous studies, which showed that melt-grown SA crystals are usually in the C form, which is the most stable form [10] . Since the quenched blends show polymorphic transition in DSC and their X-ray and IR spectra are not much different from C form, the only possibility is that the SA is in the E form in the quenched blends. The transition from the metastable E form to C form on heating has been reported earlier [12] .
CONCLUSIONS
In this study, we found that blending affects the morphology of the carbamate and stearic acid. The spherulites of C 18 are disrupted due to blending, and the large crystals of stearic acid transform into tiny crystals. This effect is more pronounced when carbamate is the minor component in the blend. At these compositions, the blends show considerable improvement in transparency. As expected, in all cases, the spherulite/crystal size of the slow-cooled samples is found to be larger than that of the quenched samples. Comparing with our previous study, it seems that blending of two homologous compounds is more efficient than our present blend system in controlling the morphology. The previous system with homologous molecules provided much better transparency.
SA and C 18 exert a mutual diluent effect, resulting in a depression of the melting points. When the carbamate is the minor component in the blend, there is a decrease in the heat of fusion. A decrease in the intensity of long spacing in X-ray diffractograms at these compositions indicates that the crystal lattice is disturbed to some extent due to blending. Thermal analysis reveals that quenching with the carbamate induces polymorphism in stearic acid in the blend. A metastable phase is formed, which is converted to the most stable C form on heating.
IR analysis shows that the extent of hydrogen bonding is unaffected whether we blend carbamate with another homologous carbamate or with stearic acid. It seems that blending can be an efficient alternative to the conventional clarifiers or plasticizers to control the morphology. Our present study indicates that long-chain carbamates can be used to control the morphology of stearic acid or homologous fatty acids if their application in any specific system requires controlled morphology.
